Purpose: Autism is one of the most heritable complex disorders, but the genetic etiology of autism spectrum disorders is unexplained in ϳ90% of cases. Highly penetrant microdeletions and microduplications of 16p11.2 contribute to the pathogenesis of autism spectrum disorder, but the extent to which these variants account for the total burden of idiopathic autism spectrum disorders has not been systematically investigated. Methods: A systematic literature review and meta-analysis were performed to determine the prevalence of these variants among individuals diagnosed with autism spectrum disorders. A planned subgroup analysis was conducted to assess prevalence differences between sporadic and familial autism spectrum disorder cases. Results: In the combined analysis of 3613 idiopathic autism spectrum disorder cases from seven studies, the meta-analytic prevalence of these microdeletions and microduplications was 0.76% (95% CI, 0.51-1.12%). When stratified by copy number variant-type, the prevalence of microdeletions was 0.50% (95% CI, 0.31-0.82%) and the prevalence of microduplications was 0.28% (95% CI, 0.14 -0.56%). Sporadic autism spectrum disorder cases showed only a slightly higher prevalence than familial cases. Conclusion: The number needed to test to identify one such variant is 132 patients (95% CI, 89 -198). Such information, especially as it pertains to diagnostic yield in genetic testing, should prove useful to clinicians considering chromosomal microarray analysis in subjects with autism spectrum disorders. Genet Med 2011:13(5):377-384.
A utism spectrum disorders (ASDs) encompass a broad range of developmental disorders that are marked by limitations in one of three behavioral/developmental domains: (1) social interaction; (2) language, communication, and imaginative play; and (3) range of interests and activities. 1 The ASDs range from phenotypically mild to severe and include autism, atypical autism, Asperger syndrome, Rett syndrome, and pervasive developmental disorders. 2 In 2007, the Centers for Disease Control and Prevention estimated that the prevalence of ASDs among children aged 8 years in the United States was ϳ1 in every 110 children. 3 All of the disorders classified as ASDs are believed to be etiologically related, 4 possibly resulting from diverse changes in a common genetic pathway. 5 Results of twin and family studies have shown that the heritability of autism may be as high as 90%, making it one of the most heritable complex disorders. 6 In ϳ10% of patients, autism can be explained by monogenic disorders and known chromosomal abnormalities (e.g., the fragile X syndrome, 7, 8 tuberous sclerosis, 9 Rett Syndrome, 10 and Potocki-Lupski syndrome 11 ). 12 Microdeletions and microduplications of chromosome 16p11.2 have been found at varying frequencies among individuals diagnosed with an ASD. The largest single study to date found that ϳ1% of autistic individuals carried either the 16p11.2 microdeletion or microduplication, as opposed to ϳ0.1% of individuals with a psychiatric or language disorder and ϳ0.01% of a population-based cohort which was not screened for psychiatric or language disorders. 13 The low prevalence of this genetic exposure, especially among controls, makes precisely estimating the magnitude of the association between 16p11.2 copy number variants (CNVs) and autism difficult. A meta-analysis of individuals with autism and/or developmental delay, combining patient-level data from three studies, estimated that 16p11.2 microdeletion is associated with a 38.7-fold increase in the odds of autism/developmental delay (OR, 38.7; 95% CI, 13.4 -111.8). In addition, 16p11.2 microduplication was associated with a 20.7-fold increase in the odds of autism/developmental delay (OR, 20.7; 95% CI, 6.9 -61.7). 14 The risk of autism/developmental delay was not significantly greater among patients with a 16p11.2 microdeletion when compared with those with the microduplication (OR, 2.04; 95% CI, 0.493-8.45, author's calculations).
Although such results firmly establish a role for the 16p11.2 microdeletion and microduplication in the etiology of autism and developmental delay, the extent to which these CNVs account for the total burden of ASDs has not been systematically investigated. Currently, the 1% of autism incidence typically attributed to CNVs at 16p11.2 is derived from a 2008 publication by Weiss et al. 13 This estimate makes CNVs at 16p11.2 at least as frequent as the most common known cytogenetic cause of autism (maternal 15q11-q13 duplication). 15 Multiple studies of autistic subjects have investigated copy number variation in this genomic region. Some have found an equivalent proportion of 16p11.2 CNVs in those with ASDs as that reported by Weiss et al., 16 -18 whereas others have not. 19 -22 Many studies that implicate these mutations in autism pathogenesis have used overlapping samples from collaborative biobanks, such as The Autism Genetic Resource Exchange. 5, 13, 14, 17, 18, 20, 22, 23 As such, the autism-associated CNVs they report are frequently the second, third, or even fourth report of the same variants in the same individuals, a fact which frequently goes unmentioned. For instance, the ϳ0.7% frequency with which 16p11.2 CNVs were observed in individuals with an ASD by Kumar et al. has been repeatedly treated as a replication of the 1% frequency reported by Weiss et al., despite the fact that all probands with 16p11.2 CNVs in the study by Kumar et al. are also included in the study by Weiss et al. 13, 17 It is also likely that frequency estimates from Weiss et al. are inflated, as overestimation of allele frequency in a primary screen is a recognized phenomenon, especially in the investigation of rare variants. 24 Despite large sample sizes in several individual studies, prevalence calculations for these particular CNVs are based on very few events, and confidence intervals are not reported. Furthermore, the study by Weiss et al. includes affected siblings with 16p11.2 CNVs in its prevalence calculations, despite sibling genotypes not being independent and their sample being enriched for multiplex families. Although probands from multiplex families have been shown to have fewer de novo CNVs than probands from simplex families, 16, 18 little effort has been made to assess if the prevalence of 16p11.2 CNVs differs substantially between these family types.
A systematic literature review was conducted to identify studies that assayed copy number variation at chr16p11.2 among individuals with idiopathic ASDs using either a genomewide scan or a targeted assay. A meta-analysis of the prevalence of 16p11.2 microdeletion/microduplication among autistic subjects was conducted to determine the proportion of ASDs attributable to this highly penetrant genetic variant. A planned subgroup analysis was also performed to test the hypothesis that these CNVs are more frequently found in cases of sporadic autism (simplex cases) than in cases of familial autism (multiplex cases). Methodological issues in the literature reporting on this association were addressed.
MATERIALS AND METHODS

Identification of eligible studies
Case-control studies and case-series reports that provided individual-level data were eligible for inclusion in the analysis if the total number of autistic individuals screened for CNVs at 16p11.2 was reported. Case reports were not eligible for inclusion. Genomewide studies of autistic patient populations were eligible if the study investigated copy number variation using either array comparative genomic hybridization or single nucleotide polymorphism genotyping platforms with sufficient resolution to detect variants Ͻ1Mb. Targeted studies of the 16p11.2 region were included if the CNVs were assayed by quantitative real-time polymerase chain reaction (PCR), multiplex ligationdependent probe amplification, multiplex amplifiable probe hybridization, quantitative multiplex PCR of short fluorescent fragments, or metaphase fluorescent in situ hybridization.
A Medline search was performed on October 10, 2010, to identify all articles whose titles or abstracts contain the word "autism" or "autistic," and at least one of the following phrases: "structural variant," "genomic variant," "copy number," "deletion," "duplication," "microdeletion," or "microduplication." In addition, the bibliographies of selected articles were scanned to identify pertinent publications which the electronic search may have missed. Results were not filtered by language.
Article abstracts were scanned and eliminated from further analysis for the following reasons: ineligible phenotype, targeted analysis of incorrect genomic region, case report, review article, and basic science/animal model. Full-text versions of articles that passed the preliminary scan were downloaded and read in full. Articles were eliminated for the previously listed criteria in addition to the following: sample size not given, insufficient CNV detection resolution (fewer than 3 probes in 16p11.2 region), study prescreened and eliminated samples with 16p11.2 CNVs, and all case samples included in another study. Effort was made to include only unique patients; however, in studies where sample exclusivity could not be definitively ascertained, the study with the largest sample size was selected for analysis.
Phenotype specification
Individuals must have a physician-diagnosed ASD (autism, Asperger syndrome, or Pervasive Developmental Disorder-Not Otherwise Specified) according to Diagnostic and Statistical Manual of Mental Disorders, 4th edition or International Statistical Classification of Diseases and Related Health Problems 9/10 edition criteria or have received a diagnosis using a validated autism rating scale, including the Autism Diagnostic Interview-Revised, the Autism Diagnostic Observation Schedule, or the Childhood Autism Rating Scale. Participants were included irrespective of gender and ethnicity. When possible, individuals harboring gross chromosomal abnormalities or mutations in genes known to cause syndromic forms of autism (FMR-1, MECP2, and TSC1/TSC2) were excluded from analysis.
Prevalence calculations
Microdeletions and microduplications of chromosome 16p11.2 that span at least 65% of the recognized autism-associated region (chr16: 29,500,000 -30,100,000) from the "Autism Chromosome Rearrangement Database" were defined as events. 16 CNVs that encompass this region but extend more than 1 Mb beyond these boundaries (either toward the centromere or telomere) were not included because such CNVs are associated with other known syndromes. [25] [26] [27] Although not part of the primary analysis, de novo or maternally inherited duplications of chromosome 15q11-13 were recorded, as were all reported duplications of the chromosome 22q11.21 region. These duplications are well-described autismassociated variants, whose reciprocal deletions are associated with other neurological disorders (the Angelman/Prader-Willi syndromes and the DiGeorge/velocardiofacial syndromes, respectively). 15 We have abstracted data on these CNVs from six of seven studies included in the meta-analysis of CNVs at 16p11.2.
Using a fixed-effects model, a cumulative meta-analysis was conducted to estimate the prevalence of 16p11.2 microdeletion, 16p11.2 microduplication, and the combined prevalence of all pathogenic CNVs at this locus, among subjects with an ASD. 95% confidence intervals for these prevalence estimates were calculated. Study heterogeneity was assessed using the I 2 statistic. 28 Because different genetic mechanisms may be observed in sporadic cases compared with familial cases, a stratified analysis was conducted to determine if the prevalence of all 16p11.2 CNVs varied between these subgroups. A fixedeffects model was used to combine studies within each subgroup, and the study-to-study variance was computed independently within each subgroup. Heterogeneity between the two subgroups was assessed using the Q-value, which was compared with a 2 distribution with 1 degree of freedom using a significance threshold of ␣ ϭ 0.10. All statistics were calculated in Comprehensive Meta-analysis, version 2 (Biostat Inc, Englewood, NJ).
Studies that did not indicate whether probands were from simplex or multiplex families were excluded from this subgroup analysis but appear in the cumulative meta-analyses. In multiplex families, only one individual from each family was included in the prevalence estimates. The included individual was the one defined by the authors as the proband. If probands were not identified, the eldest affected child in each family was assigned as proband.
Assessment of risk of bias in included studies
Included studies were determined to be free of substantial biases in case ascertainment. To eliminate bias as a result of low sensitivity, the genotyping platform used in a genomewide study was required to have at least 3 probes in the 16p11.2 region. To eliminate bias to low specificity, CNVs at 16p11.2 identified in a genomewide scan must have been confirmed using a second CNV-detection methodology (e.g., fluorescent in situ hybridization, quantitative real-time PCR, and multiplex ligation-dependent probe amplification) to avoid false positives.
To assess the presence of reporting bias, a funnel plot graphing study precision against the logit event rate was created and Egger's regression asymmetry test was performed. 29 By abstracting data on CNVs at 16p11.2 from genomewide scans, which are not hypothesis-driven, reporting bias should be minimized.
A sensitivity analysis was conducted by performing the meta-analysis with each study systematically omitted, one at a time with replacement, from the cumulative analysis to identify studies that had excessive influence on the summary measure.
RESULTS
The Medline search returned 503 results, of which 456 were excluded based on information available in the abstract. Scanning the citations of the 47 remaining articles identified an additional 4 articles which had not been returned by the Medline search and which could not be eliminated based solely on abstracts. Full-text versions of these 51 articles were obtained and scanned for relevance. After eliminating ineligible publications, a total of seven studies remained, all of which were retrieved as part of the Medline search (Fig.  1) . 13,16,18 -21,30 For one study, corresponding authors provided unpublished genomic coordinates for CNVs detected in the 16p11.2 region. 21 The study by Glessner et al. 20 did not report excluding patients with known syndromic forms of autism. As such, the prevalence of 16p11.2 CNVs in this cohort likely underestimates the true prevalence of these CNVs among patients with idiopathic ASDs. 17% of ASD cases reported by Guilmatre et al. 19 were not diagnosed using a standardized scale and instead received autism diagnoses at units specializing in the diagnosis and evaluation of ASDs. All cases reported in this study were included in the meta-analyses.
Characteristics of studies included in the meta-analysis can be seen in Table 1 and a breakdown of all individuals included in the meta-analysis, by study, can be seen in Table 2 . Some studies used unique discovery cohorts, but replication cohorts which overlapped with samples used in different studies. Other studies used overlapping samples in their discovery cohorts, but unique replication cohorts. After excluding overlapping samples, and siblings of probands, a total of 3613 individuals with ASDs were included in the meta-analysis.
The estimated prevalence of 16p11.2 microdeletion/microduplication among all idiopathic ASD probands was 0.76% (95% CI, 0.51-1.12%; Fig. 2 ). Results of a sensitivity analysis, conducted by performing the cumulative meta-analysis with each study systematically omitted, one at a time with replacement, did not indicate that any one study was exerting undue influence on the summary measure. In addition, no substantial study heterogeneity was detected in the cumulative meta-analysis (I 2 ϭ 0). When stratifying by CNV-type, the estimated prevalence of 16p11.2 microdeletions among all idiopathic ASD probands was 0.50% (95% CI, 0.31-0.82%). The estimated prevalence of 16p11.2 microduplications among all idiopathic ASD probands was 0.28% (95% CI, 0.14 -0.56%; Fig. 3 ). Although these results indicate that the deletion may be a more penetrant variant than the duplication, these prevalence estimates did not differ significantly (Q ϭ 1.83, P ϭ 0.176).
Five of seven studies reported whether individuals were from simplex or multiplex families and were included in a subgroup analysis. The studies by Glessner et al. 20 and Shen et al. 30 did not provide these data and were excluded from subgroup analysis. Based on data from four studies, the prevalence of 16p11.2 microdeletion/microduplication among idiopathic ASD probands from multiplex families is 0.76% (95% CI, 0.36 -1.58%; I 2 ϭ 0). Based on data from these four studies, plus one additional study, the prevalence of 16p11.2 microdeletion/microduplication among idiopathic ASD probands from simplex Fig. 1 . Flow of published articles through the different phases of the review.
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families is 1.13% (95% CI, 0.54 -2.35%; I 2 ϭ 0; Fig. 4 ). As expected, the prevalence of CNVs at 16p11.2 was higher among simplex cases than among multiplex cases when first-degree relatives were excluded from analysis. Despite this difference in prevalence between subgroups, significant heterogeneity was not detected (Q ϭ 0.563, P ϭ 0.453), supporting the calculation of a single summary prevalence estimate.
The presence of reporting bias was assessed by visually inspecting a funnel plot, which graphed study precision against the logit event rate (Fig. 5) . The funnel plot showed no evidence of reporting bias, although there were no studies in the lower right corner. This region corresponds to studies with low precision (small sample size) and a large logit event rate. Absence of studies in this region of the funnel plot is expected, as small studies are unlikely to detect very rare variants. The Egger et al. 29 regression asymmetry test did not suggest that publication bias was present (Intercept ϭ Ϫ0.188, P ϭ 0.565). However, because of the limited number of studies in the analysis, this result should be treated with caution.
DISCUSSION
The prevailing hypothesis for the genetic etiology of autism has largely been the same as that for other common diseases and is widely referred to as the "common gene/common disease" hypothesis. The theory is that common diseases result from the additive or multiplicative effects of genetic and environmental factors. Under this paradigm, common genetic variants confer only a small increased risk to a given individual, but because of the high frequency with which these variants are found, each has a large attributable risk among the population. This hypothesis is readily tested using genome-wide association studies, and such studies have had some successes in unraveling autism biology. [31] [32] [33] An alternative to the "common gene/common disease" hypothesis is that ASDs are caused not only by common variants of small effect but also by rare highly penetrant variants such as chromosomal deletions and duplications. 34 With the development of high-resolution microarrays, it is now possible to scan the genomes of autistic individuals for pathogenic CNVs that escape detection by previous-generation cytogenetic methodologies.
A substantial proportion of idiopathic autism may be attributable to CNVs. 34 Two recent studies detected de novo CNVs in 7-10% of autistic cases from simplex families, 2-3% of cases from multiplex families, and in 1% of controls. 16, 18 These results not only implicate CNVs in the etiology of autism but also indicate that different genetic mechanisms may underlie sporadic, versus familial, autism.
Recent studies of patients with ASDs have identified several recurrent, but rare, CNVs that were absent or markedly less common in controls. 34 Some of these CNVs are located in chromosomal regions associated with other neurologic disorders, such as the Prader-Willi and Angelman syndromes (Chr15q11-13) and the DiGeorge/velocardiofacial syndrome (22q11.21). 15 Six of the seven studies included in the metaanalysis contained data that permitted calculation of the prevalence of both Chr15q11-13 duplications (maternally inherited and de novo only) and 22q11.21 duplications among patients with idiopathic ASDs. Maternally inherited or de novo duplication of 15q11-13 was observed in 0.70% of patients (95% CI, 0.45-1.10%), whereas duplication of 22q11.21 was observed in 0.60% of patients (95% CI, 0.34 -1.06%; Fig., Supplemental Digital Content 1, http://links.lww.com/GIM/A142). These results are not from a meta-analysis specifically designed to assess the prevalence of CNVs in these regions. However, within the cohorts under study, microdeletion/microduplication of 16p11.2 was a more common cause of ASDs than duplication of these other regions. The prevalence of 16p11.2 microdeletion/microduplication among ASD probands is typically given as 1%, despite this estimate being largely based on results from two studies with overlapping samples. 13, 17 Because of the limited samples sizes, use of overlapping samples, and several other issues summarized in Table 3 , a systematic review and meta-analysis of 3613 ASD patients was performed. The meta-analysis determined that the prevalence of 16p11.2 microdeletion/microduplication among ASD probands is 0.76% (95% CI, 0.51-1.12%), and that microdeletions are a more common cause of ASDs than the reciprocal microduplication (0.50% vs. 28%, respectively). Although the subgroup analysis suggests that the prevalence of 16p11.2 CNVs may be higher in cases of sporadic autism than in cases of familial autism, this difference did not reach statistical significance (P ϭ 0.453).
Although seven studies is a moderate-sized sample for a meta-analysis, it is important to use strictly defined phenotypes to reach valid conclusions. Although studies have identified 16p11.2 CNVs in individuals with multiple cognitive abnormal- ities, developmental delay, and mental retardation, these studies were not included because the meta-analysis was specifically designed to investigate the proportion of idiopathic ASDs attributable to these structural variants. 14, [35] [36] [37] [38] A recent study of patients referred to a clinical genetics testing center with an ASD as the primary indication found that 7 of 580 individuals carried a 16p11.2 CNV (5 deletions and 2 duplications). 39 Despite an ASD being the indication for referral, it was unknown if any diagnostic rating scale was used to obtain this diagnosis. Furthermore, it was unknown what criteria were used to make the diagnosis (e.g., DSM-IV). Therefore, this study was excluded from the meta-analysis. It is interesting to note that the total prevalence of 16p11.2 CNVs in this sample (1.21%) is slightly higher than the upper 95% CI returned from the metaanalysis (1.12%), possibly due to phenotypic misspecification. To properly estimate the proportion of multiplex ASD subjects who carry the 16p11.2 microdeletion/microduplication, it is vital that only one member of each family be included.
Failure to ensure this will cause a unit of analysis error and can produce inflated prevalence estimates. Choosing which member of a multiplex family to include should be done in an unbiased way, without prior knowledge of the sibling genotypes. Although this may seem a minor point, four independent families in the Weiss et al. 13 study had multiple affected children, at least one of whom carried a 16p11.2 CNV and at least one of whom did not. Thus, as few as zero and as many as four additional 16p11.2 CNVs could enter the meta-analysis based solely on which children are selected as the probands. Based on our predetermined criteria, three of these four individuals were included.
The ratio of multiplex cases to simplex cases in this metaanalysis is artificially elevated because families with multiple affected children have been preferentially recruited for genetic studies. Because of this, the ratio of familial to sporadic ASD probands in the meta-analysis does not accurately reflect the true ratio among all ASD subjects. As the subgroup analysis did not detect hetero- Fig. 2 . Forest plot of the overall prevalence of 16p11.2 microdeletion/microduplication among all ASD probands, irrespective of family-type (i.e., simplex/sporadic cases versus multiplex/familial cases) or CNV-type (deletion versus duplication). The area of study symbols (white squares) is proportional to study weight. geneity between these groups, the prevalence estimated here should accurately reflect that among all ASD probands.
If true heterogeneity in the prevalence of these CNVs does exist across family type, it may not be detected here because, in this subgroup analysis, duplications and deletions were analyzed jointly. The lower penetrance microduplication is likely more common in multiplex families than the microdeletion, as it has been identified in carrier parents who can pass it to multiple affected children. 13 Of note, 16p11.2 deletions were also detected in multiplex families. In one of these families, only one affected child carried the deletion, highlighting the genetic heterogeneity of ASDs. 16 In a second family, two children carried a de novo deletion, indicating that parental germline mosaicism may also account for the similar prevalence in multiplex and simplex probands. 13 A recent systematic review concluded that chromosomal microarray should be the first-tier cytogenetic diagnostic test for patients with developmental delay, multiple cognitive abnormalities, or ASDs. 40 However, only 2 of the 33 publications included in that review analyzed patients with ASDs. If 16p11.2 microdeletion/microduplication is in fact the most common cytogenetic cause of autism, its prevalence among individuals with ASDs will greatly influence the diagnostic yield of routine microarray analysis performed on these patients. It is vital to know what proportion of autism incidence may be explained by these mutations when considering the utility of screening for microdeletions and microduplications among autistic patient populations, especially in clinical settings.
If 0.76% of individuals with an idiopathic ASD have either the 16p11.2 microdeletion or the reciprocal microduplication, Fig. 4 . Forest plot of the overall prevalence of 16p11.2 microdeletion/microduplication among idiopathic ASD probands, stratified by family-type (i.e., simplex/sporadic cases versus multiplex/familial cases). The area of study symbols (white squares) is proportional to study weight. the number needed to test to identify one such variant is 132 patients (95% CI, 89 -198). Such prevalence information, especially as it pertains to diagnostic yield in genetic testing, should prove useful to clinicians considering chromosomal microarray analysis in subjects with ASDs. Overestimation of allele frequency in a primary screen is especially common in the investigation of rare variants. 24 Prevalence calculations based on a small number of events will be highly variable and have wide confidence intervals.
Sibling genotypes are not independent. Therefore, only one member of each family should be included when using a family-based sample to estimate the frequency of a genetic variant.
The frequency of a high-penetrance variant may differ in probands with sporadic, versus familial, disease.
To avoid publication bias, data from other studies should be considered, especially studies which do not report an increased 16p11.2 CNV frequency among cases but do have the ability to detect these variants.
Studies used to assess 16p11.2 CNV frequency often use overlapping samples.
